production during 2002-2017 is estimated to be 366 000 ha-m (Bureau of Land Management, 2003). Quality of charge to surface waters, treatment and release of CBNG water into streams, impoundments, infiltration reservoirs, and land application (Bureau of Land Manage-
charge to surface waters, treatment and release of CBNG water into streams, impoundments, infiltration reservoirs, and land application (Bureau of Land Manage-N atural gas is an important source of energy for ment, 2003) . Unlike other CBNG-producing regions in residential and industrial sectors in the United the United States, injection is problematic in PRB beStates. One of our significant sources of natural gas is cause of complications arising from managing multiple methane produced from coal seams. Currently, this source producing zones and multiple producers (Bureau of of natural gas accounts for approximately 10% of the Land Management, 2003) . Therefore, very little injeccountry's natural gas production and its importance is intion is practiced in the PRB, except in replenishing the creasing with time (Pinkser, 2002) . Several areas within city of Gillette's water supply . Wyothe United States produce coalbed natural gas (CBNG), ming has allowed some CBNG producers in the PRB of which the Powder River Basin (PRB), covering parts to release limited amounts of CBNG water directly into of Wyoming and Montana, is the most active (Wheaton waterways . Some CBNG producers and Olson, 2001) . Coalbed natural gas production involves are treating poor-quality CBNG water using ion expumping water (hereafter referred to as CBNG water) change, reverse osmosis, and other similar types of treatfrom coal seams to reduce hydrostatic pressure to faciliments to improve quality for release into streams and tate methane release. A single CBNG well can discharge other waterways, or for beneficial purposes such as irriwater up to 7.0 m 3 h
Ϫ1
. Depending on the local condigation use. Unfortunately, the different types of CBNGtions and production rates, a CBNG well may be producwater treatment often require large industrial columns tive for 2 to 20 yr, with an average lifespan of 7 yr. At and filters, specialized equipment, and operation and present there are over 20 000 CBNG wells permitted or maintenance efforts that are very expensive (Vance drilled in the PRB region and another 50 000 to 100 000 et al., 2004) . However, at present there is a moratorium new wells are anticipated in the future. The total CBNG on additional direct-discharge permits, in part, because water production in the PRB is expected to peak at about impacts to downstream users have not been completely 47 000 ha-m in 2006 and the cumulative CBNG water evaluated.
to be treated for land application for agricultural pur-PRB soil clay minerals and nearly 41% of the PRB area is covered with soils characterized by poor drainage poses or disposal, and provides enhanced control over the timing of discharges into surface water bodies during (Bureau of Land Management, 2003) . Application of poor quality CBNG water on these lands can have serinon-irrigation seasons. Unlined impoundments allow water to leach into the subsurface environment or percoous negative impacts on certain soil properties (Rice et al., 2002; Dahiya et al., 2004) . To avoid permanent late into the surrounding soil. Lateral migration of salts and Na ϩ that may impact surrounding streams and terdamage to fragile PRB ecosystems, a better understanding of potential impacts to lands receiving CBNG water restrial ecosystems are a possible consequence of longterm CBNG water disposal in unlined impoundments is essential. The main purpose of this study was to assess changes in soil properties due to CBNG-water irriga- (Bureau of Land Management, 2003) .
Use of CBNG water for irrigation of grazing lands tion. A field study was conducted to (i) evaluate the quality of CBNG water being used for irrigation in the and agricultural production is gaining popularity in Wyoming . Smectites dominate PRB region that is actively producing CBNG waters 
MATERIALS AND METHODS
data on the amount of CBNG water, gypsum, and elemental S (as per management records of CBNG producers managing
Study Area
these sites) that have been added to irrigated soils are given The PRB, located in northeast Wyoming and southeast in Table 3 . The amount of S added as soil amendments (TaMontana (Fig. 1) , is situated between the Black Hills to the ble 3) does not include S supplied by the sulfur burners. east, the Big Horn Mountains to the west, and the Miles City Coalbed natural gas waters from multiple wells (10-20) are Arch to the north. The land surface generally slopes northward discharged into holding ponds to be used for irrigation at a from higher elevations in Wyoming and drains to the Yellowlater date. Triplicate samples from the ponds used for irrigatstone River in Montana. The Tongue River Member of the ing the study sites were collected in plastic bottles during Fort Union Formation contains coal that is mined in both WyJune-July 2003 and October-November 2003. Sites 2 and 5 oming and Montana and is the source unit for CBNG. Ground received CBNG water from the same source. Samples were water flow in the PRB is also generally from the south to the transported to the laboratory and analyzed for pH, EC w , Na, north. Coal seams are often continuous water-bearing units that Ca, and Mg concentrations within 24 to 48 h after collection provide an important ground water source; shallow coal seams using the methods described below. are readily tapped as water resources for livestock (Wheaton A soil auger was used to randomly collect five replicate soil and Olson, 2001). Soils of the PRB have developed under a samples from six depths (0-5, 5-15, 15-30, 30-60, 60-90 , and climatic regime characterized by cold winters, warm sum-90-120 cm) from each of the irrigated and control sites during mers, and low to moderate precipitation (e.g., rainfall of 300 to the beginning (May-June) and three replicate soil samples at 380 mm including snowfall of 910 to 1520 mm). Soil textures the end (October-November 2003) of the irrigation season. vary and are influenced by dominant geologic conditions. Soils
The entire irrigated area was available for sampling to ensure are generally alkaline and low in organic matter. Farming that samples were representative of irrigated sites. Because gas occurs primarily along valleys with perennial streams that companies maximize the area available for disposal of CBNG support irrigation (Bureau of Land Management, 2003) .
water, control areas were limited to areas much smaller than irrigated sites. Samples were stored in resealable plastic bags to Study Sites, Water, and Soil Sampling prevent moisture loss during transportation to the laboratory. Subsamples were dried at 105ЊC until constant weight was obFive sites that have received CBNG water irrigation over a tained, and soil moisture contents were determined using the period of 2 to 3 yr (irrigation seasons) were selected to evaluate difference between field-moist and oven-dry weights. The depth impacts on soil chemical properties. These sites are located in at which soil moisture content was the greatest was assumed to be Johnson and Sheridan counties in Wyoming (Fig. 1) . Different the wetting depth at the time of sampling. Soil samples were air-CBNG producers have been managing these sites, and irrigadried, passed through a 2-mm sieve, and analyzed for particletion with CBNG water is performed from April to November. size distribution and chemical properties. Soil texture was deterVarious water treatments and soil amendments are being used. mined using the hydrometer method (Gee and Bauder, 1986 ). Ownership and access issues limited possible study site location. Control sites were selected that were in close proximity
Chemical Analyses
to the irrigated sites; all control sites did not receive CBNG water irrigation. Soil map units, soil series composition, and
The pH and EC values for CBNG water samples and soil saturated paste extracts were determined using pH and EC elecsize of irrigated and control sites are listed in Table 1 trodes (meters), respectively (Rhoades, 1999; Thomas, 1999) .
(NH 4 OAc) extractable Na in irrigated and control soil samples represented the sum of soil water-soluble and exchangeable Soluble Na, Ca, and Mg concentrations in soil saturated paste extracts and CBNG water samples were determined using Na. Soil water-soluble Na concentrations were determined using Na concentrations in soil saturated paste extracts and the moisinductively coupled plasma spectrometry (Suarez, 1999) .
The SAR of CBNG waters and saturated paste extracts ture content at saturation (United States Salinity Laboratory Staff, 1954). Water-soluble Na concentrations were subtracted was calculated as:
from Na contents in the NH 4 OAc extracts to determine ex-
changeable Na concentrations (Helmke and Sparks, 1996) . Bulk densities of soil samples at different depths in irrigated where Na, Ca, and Mg represent millimolar concentrations and control sites were determined by using the core method (mmol L Ϫ1 ) of the respective ions.
described by Grossman and Reinsch (2002) . The mean bulk Soil cation exchange capacity (CEC) was determined by density values ranged from 1.01 Mg m Ϫ3 at a 0-to 5-cm depth using sodium acetate (NaOAc) buffered at pH 8.2 (Chapman, in Site 2 control to 1.71 Mg m Ϫ3 at a 15-to 30-cm depth in 1965). Briefly, a 5-g soil sample was washed three times with Site 6 (data not presented). Soil water-soluble and exchange-33 mL of 1 M NaOAc to saturate the exchange complex with able Na concentrations, soil depth, and bulk density values Na ϩ . After removing the excess Na ϩ with one ethanol wash, were used to calculate the Na content present in soils at differthe soil was washed with three volumes of 1 M ammonium aceent depths to 120 cm for each site. Differences between the tate (NH 4 OAc buffered at pH 7) to displace Na ϩ from the exsums of soil water-soluble and exchangeable Na in the irrichange complex. The contents were centrifuged for 10 min at gated and versus control sites represent Na that was added 670 ϫ g. The three supernatants were combined in a 100-mL through CBNG water and/or mobilized in soil profiles through volumetric flask, brought to volume with 1 M NH 4 OAc, and dissociation of Na salts. analyzed for Na ϩ using atomic absorption spectrophotometry. Concentrations of Na ϩ in the final solutions were used to calculate soil CEC.
Statistical Analysis
Differences in CBNG water chemistry were evaluated using Mass Balance for Sodium a one-way ANOVA. Differences between irrigated and conSoil Na concentrations were evaluated using mass balance trol sites for different parameters were evaluated by carrying calculations. The amount of Na added through CBNG water out two-sample t tests that assumed equal variances for the pafor each site was calculated using both Na concentration and rameters. All tests for significance were performed at P Ͻ 0.05, volume of CBNG water added over time. Ammonium acetate unless otherwise noted. locations. Sodium enrichment in CBNG waters colSite 2 (90-120 cm), and Site 5 (30-60 cm) (Fig. 2) . Saturated paste extract EC e values for samples from irrigated lected in the present study is attributed to ion exchange sites (Fig. 3) (1954) sites, except for the 15-to 30-and 60-to 120-cm depths irrigation water classification, early-season CBNG waters at Site 3. of Sites 1, 2, 3, 4, and 5 were classified as C4S4, C3S3,
In arid environments, use of ground waters with ap-C3S4, C4S3, and C3S3, respectively. The late-season preciable salt concentrations (EC w Ͼ 0.75 dS m Ϫ1 ) for samples from these sites were classified the same as the irrigation on soils with poor drainage can result in salt early-season samples, except for Sites 3 (C4S4) and 4 buildup due to solubilization of soil salts that do not leach (C3S3). The key irrigation water-quality parameters are below the root zone (Manchanda, 1995; Tedeschi and EC w and SAR w . Based on EC w , CBNG waters are classiMenenti, 2002) . Irrigating with shallow aquifer ground fied in the medium salinity class that indicates potential waters containing greater salt concentrations (EC w Ͼ detrimental effects on sensitive crops and the need for 0.75 dS m Ϫ1 ), such as CBNG water, can contribute to elecareful water management (Ayers and Westcot, 1985) . vated soil EC e values (Chhabra, 1996) . Dissolution of soil The term SAR w describes the sodicity hazard of irrigasalts and contribution of salts from CBNG water irrigation water. The sodium hazard associated with irrigation tion coupled with poor drainage of PRB soils (Bureau of water is dependent not only on SAR w but also on EC w Land Management, 2003) and high evapotranspiration and the dominant clay minerals present in soil. The rates have the potential for increasing soluble salts in dominant clay minerals present in study site soils are the root zone (the active root zone at these sites is 60 cm, smectites (Bureau of Land Management, 2003) , and the according to local personnel of the Natural Resources EC w of CBNG waters ranged from 2.0 to 2.9. Based on Conservation Service) (Gallagher, 1986 ; Burrow et al., this information, a moderate potential sodium hazard 2002). Based on CBNG EC w and EC e of soil solutions, (SAR w range of 17 to 33) is associated with the CBNG it may be inferred that the salinity levels in the irrigated water, if used for irrigation (Ayers and Westcot, 1985) . site soils are greater than threshold values for sensitive Another important factor that increases the sodium hazto moderately sensitive crops (Mass, 1990) . ard of irrigation waters is alkalinity (HCO 3 Ϫ ϩ CO 3
2Ϫ
). Soil solution SAR e values of CBNG irrigated sites Although total alkalinity of the samples was not deterwere significantly greater than those of control sites to mined in the present study, previous studies have india depth of 30 cm, except at Site 2 (Fig. 4) . The SAR e cated that CBNG waters have high alkalinity concentravalues of irrigated soils in Sites 1 and 4 were significantly tions (Rice et al., 2002; McBeth et al., 2003 ; Bureau of greater than those of control sites at depths of 30 to Land Management, 2003; Van Voast, 2003) . In soil solu-60 cm. Site 2 SAR e values of the irrigated and control soils were not significantly different perhaps due, in tions Ca 2ϩ readily reacts with the carbonate species to part, to higher sand contents at the irrigated sites (Endo form calcite (CaCO 3 ), which removes Ca 2ϩ ions from soet al., 2002). lution, favoring their replacement by Na ϩ on the soil exSoils with EC e Ͼ 4 dS m Ϫ1 and SAR w Ͻ 13 mmol 1/2 change complex (Essington, 2003; McBeth et al., 2003) . L Ϫ1/2 are considered saline, whereas soils with EC e Ͼ 4 dS m Ϫ1 and SAR e Ͼ 13 mmol 1/2 L Ϫ1/2 are considered
Soil Chemical Properties
saline-sodic soils (United States Salinity Laboratory Soil pH values at irrigated sites were significantly Staff, 1954; Gupta and Abrol, 1990; Chhabra, 2005) . Irrigated soils at a depth of 0 to 15 cm in Site 1 and a greater than those of control sites at Site 1 (0-5 cm), depth of 0 to 5 cm in Site 4 are classified as saline-sodic. trations of Ca and Mg have also increased in all irrigated sites except Site 4, perhaps due to the application of gypSoils at depths of 15 to 60 cm at Site 1 and 0 to 5 cm at Site 3 are saline, whereas soils at Sites 2, 4, and 5 are sum and possibly CBNG waters, increases in Na concentrations were much greater. As expected, buildup of Na potentially saline. For other sites, soil EC e and SAR e values were less than the critical limits. However, trends is more pronounced in the fine-textured soils (Sites 1, 3, 4, and 5) than in the loamy soil (Site 2) evaluated in of increasing sodicity with extended periods of irrigation with CBNG water were apparent. Soil samples were colthis study (Table 6 ). Mass balance calculations (Fig. 5) for Na indicated lected during the beginning and end of the irrigation season, with depth at maximum moisture content octhat both Na addition by CBNG water and mobilization of Na within soil profiles were responsible for Na buildup curring at 30 to 60 cm in irrigated site samples. Accordingly, 30 to 60 cm was assumed to be the characterisin these soils. At Site 1, the differences between irrigated and control soil NH 4 OAc extractable Na accounted for tic depth of wetting in these soils, which suggested that changes in soil chemistry in the upper 60-cm depths could 73% of Na added by CBNG water. The remaining 27% of Na added by CBNG water could have been lost due be attributable to CBNG water irrigation.
Increase in SAR e values is partially due to the accuto leaching or crop removal. The differences in NH 4 OAc extractable Na between irrigated and control soils at 2, mulation of Na in irrigated soils due to dissolution and mobilization of Na salts in soils apart from addition of 3, 4, and 5 were 46, 42, 171, and 32%, respectively, more than the Na added from CBNG water, suggesting mobiNa through CBNG water (Table 5) . Although concen- lization of Na in these soils due to salt dissolution from found that irrigated soils had lower infiltration rates and Darcy flux rates than did soils at control sites (King CBNG water irrigation.
An increase in Na concentration in soils causes disperet al., 2004) . Increased SAR e , Na concentrations, and deterioration of soil physical properties confirmed the sion of soil clay particles and organic matter, resulting in surface crusting, reduced infiltration, and lower hydrausodicity hazards in CBNG irrigated sites.
In an effort to minimize the adverse impacts of direct lic conductivity (Park and O'Connor, 1980; Bauder and Brock, 2001) . Major clay minerals in soils of the PRB application of CBNG water to soil, some CBNG producers have adopted water treatment practices such as passare smectitic clays (Bureau of Land Management, 2003) and these clays exhibit mainly permanent charge (CEC ing CBNG waters through sulfur burners before land application. Sulfur burners acidify CBNG water with suldoes not depend on pH) because of isomorphic substitution (Frenkel et al., 1978; Igwe, 2001) . Thus, dispersion furous (H 2 SO 3 ) or sulfuric (H 2 SO 4 ) acids, depending on the redox status, to reduce HCO 3 Ϫ concentrations. Unof soils containing smectites is determined mainly by the presence of Na ϩ on soil exchange sites and soil soluder acidic conditions HCO 3 Ϫ is converted into gaseous CO 2 that escapes into the atmosphere. Acidic water also tion electrolyte concentration (Shainberg et al., 1989) . Other related studies at our PRB research sites have helps solubilize soil minerals such as calcite (CaCO 3 ) gated sites as compared to those of control sites. Mitigation of sodic conditions requires an increase in and gypsum (CaSO 4 ) (Yu et al., 2003) . In our study, we Ca 2ϩ on the soil exchange complex. The most popular observed that sulfur burners were not in continuous operation throughout the irrigation season. Therefore, method of increasing Ca 2ϩ concentrations in Na-affected soil is through addition of gypsum (Oster, 1982 ; Shainent in CBNG waters, but one must take into consideration the amount of gypsum applied and its particle size, berg et al., 1989; Bauder and Brock, 2001) . In saline soils, gypsum solubility increases due to the presence of solupotential for precipitation of Ca as calcite that may result in clogging of soil pores, as well as the lower soil ble salts in the soil solution. Overall, gypsum solubility is also promoted by Ca 2ϩ exchange for other cations. water flux in CBNG irrigated soils influencing gypsum Gypsum dissolution rates also depend on physical paamendment efficiencies. Applications of elemental S to rameters such as soil water flux and size of gypsum parsoil can also improve soil Ca 2ϩ supply by producing sulticles, both of which are important parameters affecting furic acid, which increases dissolution of in situ CaCO 3 , the efficiency of gypsum amendments (Kemper et al., commonly found in arid and semiarid soils (United 1975). From Table 3 , it is evident that gypsum applicaStates Salinity Laboratory Staff, 1954; Sameni and Kastion rates vary among CBNG companies. Based on reraian, 2004) . However, oxidation of elemental S to sulsults of our study, the amount of gypsum applied may fite is a slow biological process (Gupta and Abrol, 1990 ) not be adequate to counter Na ϩ added from CBNG water and production of sulfuric acid from elemental S at our and/or the particle size of the gypsum utilized may not research sites might not have been enough to overcome be optimal for enhanced dissolution. Our irrigated sites soil alkalinity. generally contained greater amounts of Ca and Mg than control sites, which suggest both CBNG waters and gyp-CONCLUSIONS sum additions contributed to the increased Ca and Mg
Results of this study suggest CBNG waters used for soil contents. However, Na concentrations in irrigated irrigation in northwestern PRB, Wyoming, are generally sites greatly exceeded (especially in Site 1) concentraunsuitable for direct land application. Soil analyses inditions of Ca and Mg needed to counter a potential sodicated there were buildups of salt and Na ϩ in root zones city hazard that could develop on the CBNG irrigated of irrigated sites. Although differences in soil EC e and sites. Gypsum amendments may be an acceptable practice for counteracting the high Na concentrations pres-SAR e were more pronounced between irrigated and
